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Abstract—In recent 30 years, the demand of electricity in 
China presents a huge increase. It is expected that China’s 
installed power capacity and electricity consumption will 
reach 1640 GW and 8.4x10'* kWh by 2020, respectively, 
doubling the figures of 2010. However, the large coal, hydro, 
and wind power bases are mostly located in the western and 
north regions, approximately 800-3000 km away from the 
load centers. This situation drives China to develop long 
distance, large capacity, efficient, economic and clean energy 
transmission technology to meet rapid development of China. 
Ultra-high Voltage (UHV) transmission shows lots of 
advantages, such as the huge transmission capacity, the low 
power loss, saving transmission corridors, saving the unit 
costs, and so on. So, China has been committed to the UHV 
AC and DC development in the past decade. 


During the development of UHV AC/DC transmission 
systems, some key issues needed to be solved. Such issues 
include electromagnetic environmental and noise control 
issues, key equipment manufacturing, system security and 
stability, and some related insulation issues etc. To solve the 
above technical issues, the related industries of UHV were 
organized and four steps of developing routes were put 
forward by China. During 2005 to 2008, China has made a lot 
of UHV achievements, such as technical innovation in UHV 
equipment, UHV bushing design and manufacture, electrical 
field optimization, and UHV test facilities construction. Most 
of the key equipment, including transformer, shunt reactor, 
bushing, arrest, control and protection system, and gas 
insulated switchgear (GIS), are the first successfully 
developed in the world, and their performances are excellent. 
To develop UHV bushing process, the UHV AC and DC 
optimal design platform was established to optimally design 
various bushings, such as transformer bushing, oil-SF, 
bushing, wall bushing, and so on. The developed 
XJTU-formula composite with excellent dielectric properties 
is widely used in manufacture of UHV bushings. Through 
electric field analysis and simulation of the whole substation, 
UHV DC valve hall and transmission line, the corona noise of 
UHV substations was greatly decreased and electromagnetic 
environment control means and methods of UHV 
transmission line were proposed. In addition, a lot of UHV 
test facilities were established, including UHV AC test base, 
UHV DC test base, Tibet high-altitude test base, simulation 
center, high power laboratory, and R&D center. These test 
bases provide lots of useful experience for the construction of 
UHV projects. 


After solving the key issues in UHV development, China 
began to construct UHV engineering practices. In January 
2009, the Jindongnan—Jingmen 1000kV UHV AC Pilot 
project with the transmission distance of 640km was put into 
operation. In July 2010, the Xiangjiaba—Shanghai +800kV 
UHV DC Pilot project with transmission distance of 1891km 
was put into operation. By the end of 2014, there were three 
UHV AC and four UHV DC transmissions constructed and 
put into operation. These projects, which were independently 
developed, designed and built by China, present the features 
of feasibility, safety, and economy. 


Based on the China's UHV plan in the future, more than 14 
links will be constructed, including 13 +800kV UHV DC and 
1 +1100kV UHV DC transmission lines by 2020. Among 
them, the Zhundong—Wannan +1100kV UHV DC 
transmission system which will reach the world’s highest 
voltage class, the largest transmission capacity (12000MW) 
and the longest transmission distance (3300km) will be 
constructed. To solve the new challenges caused by the 
increasing voltage level, China has launched studies on key 
technology of +1100kV UHV DC transmission in 2009 and 
some progress has been made. Upon these projects, China 
also made plans for medium and long term power flow pattern, 
including the construction of “Global Energy Internet” and 
the forming of cross-border and cross-region interconnections 
in the global context. 


Index Terms — Ultra-high Voltage, Transmission, AC/ 
DC, Insulation. 
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1 Background of UHV Transmission Development 


e Demand for developing UHV transmission 


© Features of UHV transmission 
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Demand for developing UHV transmission 
e Installed capacity in China 
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In 2010, power consumption per person in China is 3140kWh, less than that in 
USA (14200kWh) and OECD(8872kWh). 


e Installed capacity is undergoing increasing and will reach 1.64GkW in 2020. 
4/59 
OECD: Organization for Economic Co-operation and Development 


Demand for developing UHV transmission 


e Distribution of resource and load center 
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e China, a vast country, shows mismatch between the energy resource and load center. 


* [tis urgently needed to develop large capacity, long distance, efficient, economic and clean 
energy transmission technology to meet this requirement of China. 
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Features of UHV transmission 


e Huge capacity 
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Features of UHV transmission 


@ Low power loss 
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* [he transmission power of a 1000kV UHV AC line is about 4-5 times that of 
a 500kV EHV AC line. 


e The power loss of a 1000kV UHV AC line is 30% of that of a 500kV EHV AC line. 7/59 


Features of UHV transmission 


e Save transmission corridors 
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Relationship between corridor width and voltage level 


z 
Voltage level(kV) 
200kV 300kV o00kV /50kV 1000~1150kV 


Corridor width (m 26~38 38~45 45~60 60~90 90~120 


Utilization rate of 
corridor (MW/m) 9.61~6.48 15.8~13.3 26.6~20.0 41.1~27.8 66.7~50.0 8/59 





Features of UHV transmission 


e Summary 


Voltage Transmission "IS licitis Unit cost UT 
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e Advantages of UHV transmission: 
Large capacity, Long distance, corridor saving, Low power loss, Economic... 
* We need to develop the UHV transmission. 
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NO 


Advancement in UHV Transmission Technology 


Key issues in UHV transmission 
Technical innovation in UHV equipment 
UHV bushing design and manufacture 
Electric field optimization 

UHV test facilities 
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Key issues in UHV transmission 


e Key technical issues 


Ultra high voltage 


Large capacity 


Long distance 


Environment protection 





Deep suppression of overvoltage 
Outdoor insulation 
Indoor insulation 


Specifications of main equipment 


System security and stability 


Electromagnetic environment and 


noise control 
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Key issues in UHV transmission 


e Management 


e Coordination and cooperation 





Cross-industry, cross-discipline and cross-department 
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Key issues in UHV transmission 


e Development route 


Previous Technical Key equipment Engineering 
research research manufacture Construction 
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e [echnical GIS In 2010, 
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e Main achievement 


L] 


Technical innovation in UHV equipment 


UHV bushing design and manufacture 
Electric field optimization 
UHV test facilities 


Key issues in UHV transmission 


Transformer 
Reactor 
Bushing 
Arrester 


Gas Insulated Switchgear(GIS) 
Potential transformer 
Disconnecting switch 

Control and protection system 
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Technical innovation in UHV equipment 


e UHV Transformer 
The first 1000kV, 1000MVA UHV AC transformer in the world 


Main specifications 


Product mode ODFPS-1000000/1000 


| 1000MVA/1000MVA/ 
Rated capacity 334MVA 


Rated voltage & 1050/3 /( 525/v3 + 4 
regulation range x 1.2596 )/110 kV 


Voltage regulating mode Neutral point, off-circuit-tap- 
changing 
indi la0i0 
Winding connection (Three-phase: YNaOd11) 


Cooling mode OFAF/ONAN 


Short circuit impedance High-middle:18%;high- 
(Rated taping) low:62%;middle-low:40% 
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Transformers installed in Changzhi substation OFAF/ONAN: 
Alternatives of natural or forced air and 
forced oil cooling 


Key technical concerns 
e Insulation design e [emperature rise 
e Leakage flux control e Short circuit withstand capacity 16/59 


Technical innovation in UHV equipment 


e UHV Transformer 
The first 1000kV, 1000MVA UHV AC transformer in the world 
Insulation level of 1000kV AC transformer 
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Transformers installed in Changzhi substation 


Key technical concerns 
e Insulation design e [emperature rise 
e Leakage flux control e Short circuit withstand capacity 17/59 


Technical innovation in UHV equipment 


e UHV Shunt reactor 


PL | = 
_ 


j 


p y 


| 
LL 





ST I 





320Mvar Shunt reactor installed 240Mvar Shunt reactor installed 200Mvar Shunt reactor installed 
in Jindongnan substation in Nanyang substation in Jingmen substation 
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Technical innovation in UHV equipment 


e UHV Shunt reactor 
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Technical innovation in UHV equipment 


e UHV Gas Insulated Switchgear 


Main specifications 


Rated voltage 1100 kV 


8 kA (main bus bar), 
Rated current 6.3 kA (incoming and outgoing 
lines) 


Rated short-circuit 50kA 
breaking current 


Rated current 





GIS installed in Jindongnan substation 


Key technical concerns 
* Breaking system * High efficiency operation 


* Breaking current e Thermal capacity of resistors 


e Insulation system 
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Technical innovation in UHV equipment 


èe UHV Gas Insulated Switchgear 
Main specifications 


Rated voltage 1100 kV 


8 kA (main bus bar), 
Rated current 6.3 kA (incoming and outgoing 
lines) 


Rated short-circuit 50 kA 
breaking current 

Power frequency to ground: 1100kV 
withstand voltage to breaker: 1100kV+635kV 


Lightning impulse to ground: 2400kV 
EL i — C withstand voltage to fracture: 2400kV+900kV 
s | fi i Switching impulse _| to ground: 1800kV 
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p mm | DS switching charging T 
HGIS installed in Jingmen substation current to bus bar 
DS controlling resistance 500 O / 750 kJ 
/ thermal capacity 
* Breaking system * High efficiency operation 


* Breaking current e Thermal capacity of resistors 
e Insulation system 
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Key technical concerns 
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Technical innovation in UHV equipment 


e UHV Arrester 


Performances are in the international leading level. 
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Key technical concerns 

* Aging, discharge energy withstand capacity, residual voltage 

* operating characteristics, transient overvoltage, antipollution, heat dissipation 
characteristics 
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Technical innovation in UHV equipment 


@ UHV Insulator-rod composite insulators 


The first successfully developed long rod composite insulators in the world 
Characteristics of 1000kKV AC Composite Insulators 
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Key technical concern 
e Corona discharges on the surface at the end 
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Technical innovation in UHV equipment 


@ UHV Insulator-rod composite insulators 


The first successfully developed long rod composite insulators in the world 


| | 


Characteristics of =800kV DC Composite Insulators 
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Key technical concern 
e Galvanic corrosion 
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Technical innovation in UHV equipment 


@ UHV Bushing-the first 1100kKV AC transformer bushing in the world 
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e [he 1100kV transformer bushing reaches the international leading level. 25/59 
e The bushing has been used in UHV projects. 


Technical innovation in UHV equipment 


@ UHV Bushing-the first 1100kKV AC transformer bushing in the world 
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Technical innovation in UHV equipment 


è UHV Bushing 


e The first UHV AC dry-type oil-SF, bushing, rated voltage/current : 1100 kV/3150 A 
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Oil-immersed oil-SF, bushing Electrical —— "s Installation 


Technical innovation in UHV equipment 


e UHV+800kV DC converter transformer bushing 
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UHV bushing design and manufacture 


e Established the UHV AC and DC optimal design platform 
® Optimized design of transformer bushing, oil-SF, bushing, wall bushing. 
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UHV bushing design and manufacture 


@ Developed composite insulation of UHV bushing 
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e The dielectric, physical and chemical properties, impregnating and curing properties 
reach the international leading level. 


e Bushing composite with XJTU-formula has excellent dielectric properties. 


* The electrical, thermal and mechanical properties can be improved by controlling the 
morphology of bushing composite. 


* The partial discharge can be suppressed by interfacial treatment. 30/59 


UHV bushing design and manufacture 


Established the bushing manufacture base 
Realized the UHV AC and DC bushing industrialization 





Impregnation Overcame the difficulty in 
controlling partial discharge 
process 
Improved electric field 
distribution in axial and radial 
Rolling directions 
process Improved impregnating 
property 
Greatly decreased defects and 
Curing cracks caused by internal 


Suppressed partial discharge. 
31/59 


Electric field optimization 


e Electric field optimization of UHV substation 
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e Realized electric field analysis and simulation of whole substation, and optimized electromagnetic 
environment 
e Greatly decreased corona noise of 1000kV UHV substations 
(Jingmen, Nanyang, Jindongnan, Huainan, Zhebei, Wannan ) 39/59 
¢ which is lower than that of 500kKV EHV substation 


Electric field optimization 


@ Electric field optimization of UHV transmission line 






Nearby residential buildings 
Power frequency 
electric field Cross over highway 
intensity (kV/m) 


Power frequency 
magnetic induction 100 / 
strength (uT) 
5 


Reference frequency is 0.5 MHZ, 
20 m away from the vertical 
projection of side phase, 
fair weather 


Radio interference 
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| e M po 
Environmental Control 
Influence factor criteria 














Audible noise According to 
/dB (A) GB3096 -93 National Standard of China 


* Proposed electromagnetic environment control means and methods of UHV transmission line 


e Optimized the electromagnetic environment of UHV transmission line 33/31 


Electric field optimization 


e Electric field optimization of both UHV DC valve hall and transmission line 
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e Corona noise control, current-conducting capacity, and mechanical reliability 
* Acomplete set of fittings have been developed 34/31 


UHV Test Facilities 


e UHV AC Test Base è Tibet High-Altitude Test Base 
e Outdoor test field 

e Pollution laboratory 

e Experimental line 


UHV AC experimental line 

Electromagnetic environment measurement 
laboratory 

UHV AC corona cage 

Artificial climate laboratory SGCC Simulation Center 
7500kV outdoor impulse test field * Digital simulation 

UHV VFTO test circuit * Dynamic simulation 


Long-term observation base for ecologic * Operation and safety supervision 
impacts 


High power laboratory 
UHV DC Test Base Short-circuit generator 
Outdoor test field Drive motor 
Test hall Short-circuit transformer 
Synthetic circuit 


Pollution and environment laboratory 
Arrester laboratory 

Insulator laboratory 

Corona cage 

UHV experimental line 

Electromagnetic environment simulation test 
field 
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¢ Lightning/switching impulse tests on DC * Examine the electromagnetic environment of 
insulators and various air gaps. UHV DC transmission lines in different 
configurations 


e Live working tests 


¢ Lightning/switching impulse tests on large 
S 








e Researches on insulation and electromagnetic 
environment characteristics of transmission 
and equipment at an altitude of 4000m and 
higher 


e Consisted of an outdoor test field, a pollution 
, laboratory and an experimental line 36/59 
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UHV Engineering Practice 
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* By 2014, China has constructed 3 AC and 4 DC UHV projects 38/59 





UHV Engineering Practice 


Voltage Transmission Capacity 
Level (kV) Distance (km) (x109kWh) 


Haminan- 
Zhengzhou 





Operation 


UHV Engineering Practice 


e 1000kV Jindongnan-Nanyang-Jingmen UHV AC pilot project 





¢ Changzhi-Nanyang-Jingmen, total length 654 
km, crossing Yellow River and Han River. 


Preparatory work began in 2004 and the 
construction began in Aug, 2006 and was 
completed in Dec, 2008. 


* The world's first transmission line commercially 
running on 1000 kV UHV AC. 


Developed, designed, and built independently by 
China. 


UHV Engineering Practice 


e 2+ 800kV Xiangjiaba-Shanghai UHV DC project 
UHV DC pilot project. 
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¢ Put into operation in 2010. 
e Rated + 800kV , 4000A, and 6400MW. 


e Ihe world's highest voltage class, the largest transmission capacity, the longest 
transmission distance, and the most advanced technologies. 
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UHV Engineering Practice 





e Fulong converter station 





e Rated +800kV, 4000A, and 6400MW. 
¢ Fulong converter station is located in Jinsha River area, Sichuan 
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UHV Engineering Practice 


Project capping 





* [he Xinjiyang large-crossing over Yangtze River, key node of the pilot project 
¢ Successfully capped in August 2009. 
Workers were working at the height of 240 meters. 
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4 UHV in the Future 


e Medium and long term power flow pattern in China 
e Future UHV plans in China 


e Key technology and progress of +1100kV DC 


transmission 
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Medium and long term power flow pattern in China 
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* In the future, the “Global Energy Internet” will be constructed. 
* Cross-border and cross-region interconnections in the global context are 


booming to cover more areas. 46/31 


Future UHV plans in China 


Mengxi —Qingdao 
Four Shaanbei —Lianyungang 
horizontal : | 
transmission Baoji —Taizhou 
Leshan —Shanghai 
Ningdong —Chongging 
Jingbian —Enshi 


Six Jingdongnan — 


vertical Guangdong 


transmission Beijing — Nanchang 
Tangshan —Nanjing 


Legend Qingdao —Fuzhou 


500kV AC Ningxia — East China 
1000kV AC m. 

+ 500kV DC IPC Russia — Liaoning 
ence a Haminan - Zhengzhou 
+ 1100kV DC Xiluodu - Zhexi 


* By 2020, more than 14 links will be constructed in China, including 13 =800kV UHV 
DC and 1 =1100kV UHV DC transmission lines. 

* Zhundong—Wannan +1100kV UHV DC transmission system will reach the world’s 
highest voltage class, the largest transmission capacity (12000MW) and the longest 
transmission distance (3300km). 47/31 





Key technology of =1100kV DC transmission 


O Key technical issues of =1100kV UHV DC transmission 
e Specifications of main equipment 
* Outdoor and indoor insulation 
* Manufacturing of main equipment 


O In 2009, China launched studies of key technology of =1100kV UHV 
DC transmission, including 
e Justification for system schemes 
e Package design of +1100kV UHV DC system 
* Development of specifications for main equipment in = 1100kV 
converter station 
* Connection to the AC side of 750 or 1000kV grids 
* Air gaps for towers and DC switchyards. 
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Progress in =1100kV UHV DC transmission 


O According to equipment specifications, manufacturers in various countries 
developed prototypes and models of 7 1100kV UHV DC equipment and 
completed relevant test. 

O System simulation analysis and calculation show that the scheme of 
connecting +1100kV UHV DC to AC grids is reasonable. 

O Some other achievements have been made as follows: 

e System configuration scheme 

* Overvoltage and insulation coordination 

* -—1100kV converter transformers 

* — 1100kV converter valves 

* —1100kV converter transformer valve side bushings and wall bushings 


* —1100kV DC filters 
* Design of lines and towers 


Y All these results provide a basis for developing — 1100kV 
UHV DC transmission. 
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Conclusion 


The rapid development of China and the mismatch between energy and 
load centers drive China to develop UHV transmission. 


There are many advantages of UHV transmission: large capacity, long 
distance, corridor saving, low power loss and high efficiency. 


China has successfully developed UHV AC and DC technology. Main 
equipment with the world leading level has been independently designed 
and manufactured, such as UHV transformer, reactor, GIS, arrester, 
bushing and so on. At the same time, design platforms and test facilities 
have been established. 


several UHV projects have been put into operation and are under 
construction. Long-term plan to build UHV grid has been drawn up, aiming 
at building a power grid satisfying the requirement of safety, economy, 
reliability, and environment protection. 
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